Electrochemical behavior of brass and inhibitory effect of L-cysteine in HCl solution are investigated using electrochemical techniques in addition to SEM-EDS analysis. Results show that inhibition efficiency depends on inhibitor concentration and immersion time of brass electrode in inhibitor solution. Electrochemical test results point to formation of Cu(I)-cysteine complex on the brass surface in chloride solutions with addition of different amounts of cysteine. e formed complex has an important role in inhibition of the corrosion process in the examined media because Cu(I)-cysteine significantly reduces dissolution of brass. Curves obtained in acidic solution in the presence of cysteine after pretreatment in sodium dodecyl sulfate (SDS) by cyclic measurements and potentiodynamic polarization measurements indicate intense inhibition of corrosion processes. Efficient inhibition of brass dissolution is result of formation of a stable protective layer on the brass surface after pretreatment of the electrode in SDS solution. e brass surface is modified in sodium dodecyl sulfate solution in order to increase cysteine adsorption on the electrode surface and to improve inhibition efficiency. Inhibition mechanism of cysteine includes adsorption on active sites on the electrode surface, which is confirmed by SEM-EDS analysis of brass. Adsorption of cysteine in hydrochloric acid solution obeys the Langmuir adsorption isotherm. Also, Gibbs free energy of adsorption has a value of −31.5 kJ/mol and indicates strong adsorption of cysteine on the electrode surface.
Introduction
Brass is widely used in various industries due to its stability in aggressive environments.
e environment in which chloride ions are present is one of these [1, 2] , and corrosion processes in these environments are a major problem [3] . Also, it was proved that the dissolution of copper in chloride solutions depended largely on the concentration of chloride ions [4] [5] [6] [7] [8] . During the years of examinations of dissolution of metals and alloys in chloride solutions, different ways were revealed to slow down the oxidative processes in such media. One of the easiest and least expensive methods is application of organic inhibitors [9] [10] [11] [12] . Nevertheless, most compounds that can be used as copper and brass corrosion inhibitors are toxic and nonbiodegradable and pose a threat to environmental protection. In recent years, much attention has been devoted to finding nontoxic and biodegradable inhibitors in terms of environmental protection. Moreover, amino acids are particularly singled out as potentially good "green inhibitors" in different aggressive media [13] [14] [15] [16] [17] [18] . In addition to amino acids, compounds such as purine and adenine showed good results as nontoxic corrosion inhibitors in different aggressive media [19] [20] [21] [22] [23] . Moreover, nontoxic compounds which can be used as potent inhibitors should contain heteroatoms which have strong affinity to specific metals or a ring with delocalized electrons. Nevertheless, the presence of a ring with delocalized electrons in the inhibitor structure also enables and facilitates the adsorption of the examined compounds on the metal or alloy surface [24] [25] [26] [27] [28] . Cysteine (Cys) is a very interesting amino acid due to the amino group in its structure and -SH group that has strong affinity to copper (Figure 1) .
Moreover, the existence of the -SH group makes cysteine a potentially good corrosion inhibitor [1] . In this paper, the inhibitory effect of cysteine on the brass oxidation in a hydrochloric acid solution was examined. During the work, primarily, the impact of cysteine concentrations on decrease of corrosion processes in the acidic chloride solutions was followed. Also, a suitable mechanism of corrosion inhibition was examined. Furthermore, pretreatment of the brass electrode in cysteine solution and in sodium dodecyl sulfate (SDS) solution for various periods of time was performed in order to obtain more complete insight into capability of cysteine as a corrosion inhibitor. Also, pretretment of brass electrode in these solutions was performed in order to find conditions for better adsorption of cysteine molecules on the electrode surface.
Materials and Methods

Electrochemical Measurements.
Electrochemical measurements were performed using a potentiostat (Polarographic Analyzer PA2, Laboratorni Přistroje Prague, Czech Republic) that was directly connected to a computer via an AD card. e working electrode (Cu37Zn) was prepared by the method of casting upward; afterwards, it was sealed in a mixture based on methyl methacrylate. α + β brass was used for electrode preparation. Electrochemical measurements were performed in a three-electrode system where the working electrode was already described brass electrode, a saturated calomel electrode (SCE) was the reference electrode, and the platinum electrode was the auxiliary electrode. Prior to each measurement, the Cu37Zn electrode was polished with alumina paste (0.3 μm Al 2 O 3 , Buehler USA) and then rinsed with distilled water and dried afterwards. Electrochemical methods applied during the experimental work were open circuit potential (OCP) measurements during 60 min, linear potentiodynamic measurements, and cyclic voltammetry. Cyclic voltammetry was carried out from −1.0 V versus SCE to 1.2 V versus SCE, whereas linear potentiodynamic measurements were performed from OCP to −0.6 V versus SCE in the cathodic and to 0.25 V versus SCE in the anodic direction. Scan rates during linear potentiodynamic measurements and cycling voltammetry were 1 mV/s and 10 mV/s, respectively.
e following compounds were used in preparation of the solution: hydrochloric acid (HCl, Zorka Pharmacy Sabac), cysteine (C 3 H 7 NO 2 S, Merck Germany), and sodium dodecyl sulfate (NaC 12 H 25 SO 4 , J. T. Baker Germany) all of p. a. purity. e stock solution of cysteine was 1·10 −2 M, while the set of working solutions (5·10 −3 to 1·10 −4 M) was obtained by diluting the stock solution. e electrochemical behavior of brass and action of cysteine in acidic chloride solutions were tested as follows: All measurements were done in naturally aerated solutions at ambient temperature. Also, all measurements were repeated at least three times, and presented curves represent the mean value of the measurements.
Surface Analysis.
e SEM-EDS technique was used to examine the surface morphology of the brass after sample preparation without any treatment, after immersion of brass sample in 1·10 −2 M cysteine solution, and after immersion of brass in 1·10 −3 M SDS solution for 1140 and 4080 min, respectively. e SEM/EDS experiments were performed on the Tescan VEGA 3 LM scanning electron microscope equipped with an Oxford EDS X-act Inca 350 system. 
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However, solubility of the formed intermediate is small, and precipitation of CuCl − ads occurs on the electrode surface with the formation of CuCl layer. Also, OCP values obtained in hydrochloric solution in the presence of cysteine recorded upon reaching the steady state are generally negative relative to OCP values obtained in bare hydrochloric solution. Besides, displacement of steady state values of OCP is attributed to the adsorption of inhibitor molecules on the active sites on the electrode surface or to the formation of complex in the reaction between copper oxidation products and cysteine, which will be discussed later [30, 31] . Further, shift of OCP values to the negative direction in the presence of inhibitor indicates expected effect of cysteine as the cathodic type of inhibitor in acidic chloride solutions [31] , and that will be also discussed later. Besides, it must be noted that adsorption of cysteine on the brass surface is greatly conditioned by the pH value of the solution. It is known that ionization of amino acids significantly depends on the pH value of the medium. Zwitter ion of cysteine is dominant species in aqueous solution in the pH range 1.91 to 8.16 . Nonetheless, the protonated form of cysteine is the dominant form in solutions with pH values below 1.91. Actually, the presence of the zwitterion and protonated form of cysteine in 0.05 M HCl contributes to the adsorption of the inhibitor on cathodic active sites on the brass surface [1] .
OCP values obtained in HCl solution after pretreatment of the brass electrode in 1·10 −2 M cysteine solution were not significantly changed in comparison with OCP values obtained in bare hydrochloride solution without pretreatment ( Figure 2(b) ). is indicates that cysteine acts like a mixedtype inhibitor, if there is any influence of cysteine on cathodic and anodic corrosion processes, and this will be discussed later in more detail. Nevertheless, cysteine is dominantly present in the form of the zwitterion in solution in which the pretreatment was carried out (pH 5.96); that is, change in dominant species of the inhibitor occurs.
erefore the adsorption capacity of the cysteine decreases on cathodic active sites. is leads to the change of behavior of cysteine as a corrosion inhibitor of brass in hydrochloric solution.
OCP values obtained in HCl solution with the addition of 1·10 −2 M cysteine after surface modification in sodium dodecyl sulfate solution are presented in Figure 2 (c). e shift of OCP values up to 130 mV in positive direction relative to the reference solution indicates that, after modification of electrode surface in SDS solution, adsorption of cysteine molecules occurs on anodic active sites. It can point to the fact that cysteine acts like an anodic-type inhibitor in the examined solution which will be discussed later. Moreover, upon determination of OCP values in HCl solution in the presence of cysteine and also after the brass surface modification in cysteine and SDS solutions, it can be noted that the state of the electrode surface had great influence on inhibitor adsorption and on the inhibition mechanism, which will be also discussed later. Figure 3 .
Influence of Cysteine Concentration
Cyclic Voltammetry. Cyclic voltammogram of brass obtained in HCl solution with the addition of cysteine is shown in
Since the standard electrode potential for zinc is at more negative potentials compared to that for copper, the dissolution of zinc is expected to occur before copper dissolution by the following equation [32] :
Further, in chloride solutions also occurs reaction between zinc and Cl − ions according to the following equation [33] :
Moreover, copper dissolution occurs in acidic solution which is shown by the following equations [4] :
Also, the anodic current peak observed on the CV curve ( Figure 3 ) obtained in bare HCl solution points to the dissolution of Cu to Cu + . ereafter, CuCl occurs in the reaction between Cu + and Cl − ions by the following equation:
Nevertheless, in the presence of atmospheric oxygen, oxidation of Cu + to Cu 2+ occurs according to the following equation [34] :
Sudden increase of current density observed on CV curves obtained in HCl solution without and with the addition of the inhibitor (1·10 −4 to 1·10 −2 M) indicates weakening of adhesion of the adsorbed CuCl layer, its reaction with Cl − , and formation of soluble CuCl
Based on literature data, which refer to the conditions in the examined system, formed CuCl − 2 complex can be dissolved into the bulk solution. Also, in acidic solution, oxidation of CuCl − 2 to Cu 2+ ions occurs according to the following equations [4] :
Moreover, it is reported that the dissolution of copper in acidic chloride solution is controlled by electrodissolution of copper and diffusion of CuCl − 2 complex in the solution [35, 36] . In addition to the anodic processes, the dominant cathodic process in the examined solution is a process of oxygen reduction [37] :
e cathodic peak observed on CV curves in Figure 3 indicates the reduction of CuCl formed on the brass surface [38] . Besides, the repassivation potential is noticed at 0.67 V versus SCE on the CV curve which was obtained in 0.05 M HCl solution with the addition of 5·10 −3 M cysteine. Also, Ferreira et al. observed repassivation of copper in the chloride solution [39] . Further, the anodic current peak observed on CV curves obtained in HCl solution with an addition of cysteine indicates that oxidation of copper was achieved regardless of the presence of inhibitor. However, the cathodic current peak is not detected in HCl solution in the presence of cysteine except in the case when the cysteine was added at a concentration of 1·10 −4 M. Absence of the current peak indicates decrease of reduction processes of CuCl − 2 and CuCl, confirming the inhibitory effect of cysteine. Nevertheless, appearance of the cathodic current peak on the CV curve obtained in HCl solution in the presence of 1·10 −4 M cysteine is a consequence of the insufficient amount of the inhibitor that is required to form a stable protective layer. Absence of reduction peaks in hydrochloric solution with an addition of cysteine in amount of 1·10 −3 M up to 1·10 −2 M is result of reaction between generated Cu + ions and cysteine molecules according to the following equation [40] [41] [42] :
e reaction shown in (10) occurs primarily due to the fact that cysteine in its structure contains a thiol functional group. Accordingly, Cu + ions react with the thiol functional group and build a stable complex [11, 40, 43] . However, the inhibitory effect of cysteine significantly decreases at higher potentials as can be seen on CV curves, which was caused by increase in the concentration of Cu 2+ ions. Presence of Cu 2+ leads to the cysteine oxidation according to the following equation [44] :
Moreover, reduction of inhibitory activities of cysteine in acidic solutions is the result of electrooxidation of the inhibitor as shown in the following equation [45] :
e RS · radical is further oxidized to the RSO 2 species, which can be adsorbed on the electrode surface, or to the RSO − 3 ions which are the final product of cysteine oxidation [45] .
Potentiodynamic Polarization Measurements.
Besides the cyclic voltammetry, for a complete understanding of corrosion processes and mechanisms of action of cysteine, linear potentiodynamic measurements were performed. Figure 4 shows the polarization curves of brass in 0.05 M HCl in the presence of various concentrations of cysteine. Furthermore, polarization curves reveal that the addition of the inhibitor significantly diminishes cathodic corrosion processes. Further, corrosion potential shifts to more negative values in the presence of cysteine, indicating adsorption of the inhibitor on cathodic active sites on the electrode surface [1, 46] . Also, displacement of corrosion potential values is mainly intensified with increasing concentration of the inhibitor.
In addition to adsorption of cysteine, a Cu(I)-cysteine protective layer was formed on the electrode surface which acts by preventing the transfer of oxygen to the cathodic active sites on the electrode surface. Also, redeposition of copper ions occurs simultaneously with oxygen reduction in the examined system during cathodic corrosion processes [35] . Moreover, potentiodynamic polarization curves indicate that the inhibitory effect of cysteine is more pronounced in the vicinity of corrosion potential. However, intensification of corrosion processes occurs during polarization measurement as a result of decrease of the inhibition effect caused by protective film decomposition [40] .
On the basis of polarization curves, electrochemical parameters of the brass oxidation were determined. Values of the corrosion potential (E corr ), corrosion current density (j corr ), and anodic and cathodic Tafel slopes (b a and b c ) are presented in Table 1 . Values of polarization resistance (R p ) and inhibition efficiency (IE) are presented in Table 2 . e 
where j corr and j inh represent corrosion current density in the absence and presence of the inhibitor. According to j corr and IE values present in Tables 1 and 2 , it can be seen that increase of cysteine concentration leads to current density decrease in examined solutions. However, values of anodic Tafel slopes are changed insignificantly in solution with the addition of cysteine, pointing to the fact that mechanisms of anodic processes remain unchanged with the addition of the inhibitor. Nonetheless, increase of cathodic Tafel slopes in the presence of the inhibitor is associated with cathodic current density decrease which indicates decrease of cathodic corrosion processes in test solution. Polarization resistance values were calculated according to the Stern-Geary equation [47, 48] :
Values of polarization resistance increase with increasing cysteine concentration, which can be seen in Table 2 . Such change in R p values indicates adsorption of cysteine molecules on active sites on the brass surface, confirming the inhibitory action of cysteine [35, 49] .
Pretreatment of Brass Electrode in Cysteine Solution
Cyclic Voltammetry. Cyclic voltammogram of brass obtained in HCl solution after immersion in water solution of 1·10
−2 M cysteine for various periods of time (15, 30, 60 , and 1140 min) is shown in Figure 5 .
Based on CV curves, it can be seen that, after pretreatment of the electrode in inhibitor solution, solutions do not come to the significant change in electrochemical behavior of brass in HCl solution compared to cases when cysteine was present in HCl solution. Further, the anodic current peak is observed on CV curves obtained in HCl solution after pretreatment of the electrode in cysteine solutions as well in HCl solution with the addition of cysteine. Besides, the cathodic current peak is also detected in both cases whereby the current peak is more intense after pretreatment in inhibitor solution.
Intensification of the current peak indicates lower inhibitory effect of cysteine after immersion of electrode in inhibitor solution, which is probably the result of absence of chloride ions in the solution where pretreatment was performed.
Nonetheless, adsorption of cysteine on the brass surface was more enhanced in HCl solution with an addition of inhibitor in different amounts. Based on that, it can be said that adsorption process is favored by chloride ions present in the solution [50] . Moreover, chloride ions were adsorbed on metal surface easily, forming interconnecting bridges between the metal surface and positively charged molecules of the cysteine. Furthermore, formed interconnecting bridges promote adsorption of the inhibitor [51] . Moreover, chloride ions change the charge of the metal surface making the surface more affordable to protonated molecules of the inhibitor. During pretreatment of the brass electrode, chloride ions were not present in inhibitor solution, which means that charge change of the surface did not occur in inhibitor solution. erefore, adsorption of cysteine molecules on the electrode surface is more difficult under such conditions.
Potentiodynamic Polarization Measurements.
After cyclic voltammetry, linear potentiodynamic measurements were performed in 0.05 M HCl solution after pretreatment of the brass electrode in water solution of inhibitor for various periods of time (15, 30, 60 , and 1140 min). e obtained curves are shown in Figure 6 . Advances in Materials Science and Engineering Polarization curves of brass reveal that pretreatment of the brass electrode in cysteine solution has insignificant influence on decrease of corrosion processes in acidic chloride solution. Moreover, obtained polarization curves show that the cathodic current density does not change significantly in HCl solution. Besides, polarization curves obtained after electrode exposure to cysteine solution are approaching to the curve achieved in the HCl solution without prior immersion in the inhibitor solution. is also points to the reduction of the inhibitory effect of the protective layer formed on the electrode surface during pretreatment in the cysteine solution. Nonetheless, anodic polarization curves obtained in HCl indicate that electrode immersion in the inhibitor solution leads to the slight activation of the brass electrode in chloride solution and to the more pronounced dissolution of alloy in relation to the case when the cysteine was present in the HCl solution. Moreover, apparent brass dissolution is achievable, due to the fact that cysteine cannot be adsorbed on the anodic active sites on the electrode surface making these sites available to chloride ions. Besides, after pretreatment in cysteine solution for various periods of time, shapes of anodic and cathodic polarization curves achieved in HCl solution do not change in relation to the polarization curves obtained in hydrochloric solution without electrode pretreatment in the inhibitor solution. is indicates that mechanisms of anodic and cathodic corrosion processes did not change after electrode immersion in 1·10 −2 M cysteine solution. e brass electrode was subjected to pretreatment in 1·10 −3 M SDS solution for various periods of time and thereafter immersed in HCl solution with the addition of 1·10 −2 M cysteine in order to improve protective effects of cysteine film that was formed on the brass surface. Moreover, CV curves obtained in acidic solution in the presence of cysteine indicate intense inhibition of corrosion processes after modification of the electrode in the SDS solution. Nonetheless, the surface of the electrode was more effectively covered with a stable protective layer after electrode immersion in SDS solution in relation to cases when the electrode was immersed in the cysteine solution or when electrode was exposed to HCl solution with the addition of cysteine without any pretreatment. During pretreatment in SDS solution, surfactant was adsorbed electrostatically on the brass surface through the ionized alkyl acid radical negative ions [52] . Applied concentration of SDS is near to the critical micelle concentrations (CMC) that causes the formation of micelles after prolonged exposure of the electrode in the sodium dodecyl sulfate solution [53, 54] . Furthermore, the negatively charged part of the SDS molecule facilitates the adsorption of the inhibitor on the electrode surface in acidic medium wherein cysteine is predominantly present in the cationic form. Moreover, adsorption density of SDS becomes higher with increasing immersion time of the brass electrode in SDS solution. is leads to interaction between tails of negative ions of SDS and formation of hemimicelles that leave the electrode surface [55] . e part of the electrode surface from which SDS ions went becomes available to cysteine molecules that adsorbed on the electrode and prevents contact between the electrode surface and aggressive ions. Figure 8 . From presented potentiodynamic curves, it can be seen that the change in the brass behavior occurs as compared to the case when the electrode was immersed in cysteine solution. Moreover, polarization curves point to an increase of cathodic corrosion processes after pretreatment of electrode in SDS solution in relation to the previously described experimental conditions. Nonetheless, polarization curves obtained in acidic medium after pretreatment of the electrode in SDS solution indicate facilitated adsorption of cysteine on anodic active sites on the electrode surface. Accordingly, anodic polarization curves reveal that, after modification of the brass electrode in SDS solution, anodic corrosion processes were inhibited more efficiently, mainly in the vicinity of corrosion potential.
Pretreatment of Brass Electrode in SDS Solution
Cyclic Voltammetry.
Electrochemical parameters of brass oxidation in the acidic chloride solution with immersion of the brass electrode in cysteine and SDS solutions were calculated on the basis of potentiodynamic curves (Figures 6 and 8) , and obtained values for E corr , j corr ,, b a , and b c are shown in Table 3 .
Values of R p and IE are presented in Table 4 in addition to the electrochemical parameters. Besides, the degree of inhibition efficiency increases with the increase of pretreatment duration in cysteine and SDS solutions. Moreover, IE values are much higher after electrode modification in SDS solution. Cathodic and anodic Tafel slope values obtained in acidic chloride solution after electrode modification in SDS solution indicate brass passivation due to the formation of protective film on the electrode surface [9, 56] . Also, polarization resistance values Figure 9 shows SEM-EDS images of polished brass surface without any treatment and after the immersion of the electrode for 1140 and 4080 min in 1·10 −2 M cysteine and 1·10 −3 M SDS solutions, respectively. According to Figure 9 , it can be seen that after pretreatment in cysteine and SDS solutions, the electrode surface is changed. Moreover, on the brass surface, which is present in Figures 9(b) and 9(c), exist adsorbed species that are not found on the clean brass surface (Figure 9(a) ). EDS results show that sulfur and nitrogen are present on the brass surface after pretreatment in cysteine solution. Nonetheless, sodium and sulfur were detected on the electrode surface after brass pretreatment in SDS solution. ese atoms derive from cysteine and SDS molecules, and their presence indicates that adsorption of mentioned compounds occurs on active sites on the brass surface.
Surface Analysis.
Adsorption Isotherms.
e adsorption of the inhibitor on the metal surface is one of the most important stages in the inhibition mechanism. e inhibitory effect may be associated with physical adsorption or with chemisorption of the tested inhibitor [11, 30] . During the physical adsorption process, the metal surface must be electrically charged. Also, charged species must be present in the solution. Besides, presence of vacant low-energy electron orbital in metal structure is necessary for chemisorption process. Furthermore, inhibitors with relatively weakly bonded electrons or heteroatoms with lone pair electrons in molecules are necessary for chemical adsorption [57] .
Moreover, useful information on the adsorption mechanism can be obtained from adsorption isotherms. Mechanism of adsorption of cysteine on the brass surface was examined using a number of different adsorption isotherms: Langmuir, Freundlich, Temkin, and Flory-Huggins.
According to correlation coefficient (R 2 ) for tested isotherms, the Langmuir adsorption isotherm best describes the process of adsorption of cysteine on the electrode surface ( Figure 10) .
Values of the slope calculated according to the Langmuir adsorption isotherm indicate that, at one active site on the electrode surface, one molecule of inhibitor is adsorbed. Adsorption of cysteine in hydrochloric acid solution can be regarded as substitution process between the inhibitor in the aqueous phase and water molecules on the brass surface [58] (15) Adsorption energy is calculated using the following equation:
where K is the constant of the adsorption process (dm 3 /mol), ΔG is the adsorption energy (J/mol), R is the universal gas constant (J/K·mol), and T is the thermodynamic temperature (295 K).
Gibbs free energy of adsorption calculated according to the above equation has a value of −31.5 kJ/mol and indicates strong adsorption of cysteine on the electrode surface [23, 30] .
Conclusion
Open circuit potential obtained in HCl solution with an addition of cysteine generally has more negative values in regard to OCP values obtained in bare HCl solution. is trend of shift of OCP values indicates adsorption of cysteine molecules on active sites on the electrode surface. Moreover, the shift of OCP values also points to the formation of protective complex in reaction between cysteine and copper oxidation products. Also, change of OCP values indicates that cysteine acts like cathodic type of inhibitor in acidic chloride solutions.
OCP values obtained in acidic chloride solutions have not significantly changed after electrode pretreatment in cysteine solution.
Nevertheless, OCP values reveal dominant adsorption of cysteine on anodic active sites on the electrode surface after brass modification in the SDS solution.
Cyclic voltammetry and linear potentiodynamic measurements performed in chloride solution with the addition of cysteine point to the formation of Cu(I)-cysteine complex that significantly decreases the dissolution of brass. However, polarization curves obtained in HCl solution after electrode immersion in water solution of cysteine indicate weaker adsorption of cysteine molecules. Consequence of lower adsorption is formation of less stable protective film on the electrode surface. Nonetheless, potentiodynamic measurements achieved in acidic solution after pretreatment in SDS solution indicate charge change on the electrode surface. is leads to the facilitated adsorption of cysteine on anodic active sites and promotes the influence of inhibitor on decrease of anodic corrosion processes. Nonetheless, inhibition efficiency of cysteine is the highest after electrode pretreatment in SDS solution.
SEM-EDS investigation indicates that the changes in the morphology of the electrode surface after treatment in cysteine and SDS solutions occur which is caused by adsorption of cysteine and SDS molecules on the active sites on the brass surface.
Adsorption of the cysteine on the brass surface in 0.05 M HCl solution obeys the Langmuir adsorption isotherm.
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